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* FOREWORD,

This report is Volume I of a series of reports on sound propagation
in sound-absorbent ducts with a superimposed air stream prepared by
G&ttingen University, Go&tingen, Germany, for the Bioacousties Branch,
6570th Aerospace Medical Research Laboratories, Aerospace Medical
Division, under Contract AF 61(052)112. The work was performed*
under Project 7231, "Biomechanics of Aerospacd Operations," Task
723104, "'Biodynamic Environments of Aerospace Flight Operations."
Principal Investigators for Go]ttingen University were Dr. Erwin Meyer
and Dr. Fridolin Mechel. Technical and administrative personnel
monitoring this effort have included Dr. H. von Gierke, Capt. W. &lrod,
R. G. Towell, and J. N. Cole.

Initial research on this investigation commenced in June 1958.
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ABSTRACT 0

This report, Volume I, discusses the possible effects of flowý on.
airborne sound attenuation in ducts. The theoretical part results in a
simple attenuation formula which considers the following: change of
the wavelength due to convection of the sound field, change of the
sound pressure at the wall caused by the flow profile, change oi the
characteristic absorber properties by nonlinear effects, and sound
scattering by vortices. With porous absorbers another effect Is
caused by the different curvature of the phase plane at the boundary
of the absorber. Measurements with a porous absorber and with
damped Helmholtz resonators show reduction of the attenuation for
sound propagation in the direction of the flow and an increase of the
attenuation for sound propagation against the flow. With the help of
pseudo-sound In flow and of partial waves in ducts with a periodic
boundary structure, the sound amplification found In ducts coated
with react!ve absorbers can be explained by analogy to traveling
wave tube amplification phenomena. This analogy was confirmed by
measurements on resonant absorbers.

PUBLICATION REVIEW

This technical documentary report has been reviewed and is
approved.

OS. M. QUASHNOCK

Colonel, USAF, MC
Chief, Biomedical Laboratory
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List of Symbols. cio

p pressure o *

0v particlte veiL city

I sound intensity

N sound power C,

J mass flow density ,

energy flcw density -i

particle velocity ncrmal to t-alln

T wall admittance"

V, V flcw velocity

u phase velocity

adiabatic velocity of sound

M1 V/c Mach number
ii. +(1 = ~-i

tw radiaat frequency

£ frequency
X wavelensth

k a i/c wave number

B i/u phane constant

a attenuation per unit length

OL S attenuation per wavelength

fc resonance frequency
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density of air

h eifpotive height of duct
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n partial wave index

An ampl,4,ude of n-th partial wave
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S- r/wp

ratio of air aensities inside and cutside"bf porous
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Poseible effects of flow on air-borne sound attenuation U
in ducts are discussed with tre help of a simple attenuatton

formula. These effects are: Change of-,the wavelength due to .÷
convection of tha souzd fIe.Ld, change of the sound prebsure

at the wall caused by the flow profile, change of the charac-;

Steristic absorber properties by non-linear effects and sound

s ascattering by vortices. '.Vith porous absorbers another effect

is caused by the different curvature of the phase plane at the

boundary of the absorber. Measurements with a porous absorber

and with damped Helmholtz resonators show reduction of the

attenuation for sound propagation in the direction of the flow

and an increase of the attenuauion for sound propagation against

the flow6

With the help of pseudo-sound in flow and of partial waves

in ducts with a periodic structure of the boundary the soixnd

amplification found in ducts coated with reactive absorbers can

be explained in analogy to the travelling wave tube amplifica-

tion. This analogy was carried out and was confirmed by measure-

ments on resonance absorbers.

Part I Ex-erimental Set-up

A. Introduction

Attenuation of air-borne soand in ducts with superimposed

air flow is a prerequisite in many technical applications0 For

example in ventilation ducts in buildings the noise generated

by the blower should not enter the ventilated rocmas The ducts

should also not allow noise from the outside to penearate into

the buiJdii=.; These ducts should tharefore attonuate the air-

borne sound propagating against the flow direction, In test

rooms for jet engines the very high no]s,2s level of the jet

stream has to be reduced before the latter leaves the test

room. In this case the ducts should absorb the air-borne sound
propagating in the direoation of the flow,

I



°"Since no res-ults of systematic investigations of the

°.sound attenuation'in flow ducts wer; available it 11s usually
attempted to determine proper attenuation values according to -

S tide-.many accurate -technilcal, experimental and. theoretical el-

periences for sound attendation in ducts withn rAsting air. c

Flow was only taken into consideration with respect to the-

technical requirements of strength and be~ablt of the•°o

absorbing material and stru-ttures. _Sometimes heuristic dqn- • o-

siderations of the surface" structure of' he absorbers and •

of the lay-out of the ducts were applied.'.••
In some cases it was found that the attenuation in such

absorber arrangements was different for the two directions of

sound propagation and - which was especially disappointing -

that the effect of the absorber was much lower than expected.

During their course of development, acoustizs and aero-

dynamics, both investigating movements of air, have becQme

different scientific fields with characteristic laws of develop

ment, which for a long time were rather divergent. In our time

the application of high flow velocities combined with highZ
sound levels leads to a closer cooperation in solving many
common problems. As will be shownv in the .work at hand the

investilgation of air-borne sound attenuation in flow ducts..
leads to the formulation of questions of gaadlynamics. InL this

work the problem was to be treated unader two guiding principles,,

In the first place an experimental basis was to be secured for

an eventual theoretical treatment of the experienced phenomena;

the complexity of these phenomena can only be open for a theo-

retical. discussion at tolerable expenditure if experimental '

results lead a way to a logical solution, Furthermo-re it was
to be tried how far the analogy - obvious for an acusticift'h.-,..

with electroma,3netic propagation mechanisms wouldi lead in the

interpretation of the exp~erimental results- Tterfore the analogy

with the propagation of electromagnetic waves along an electron

beam in the travel'I~ng wave tube was kept In mind during the

..investigation of the sound proapgation in ducts with streaming

" air and especially in oonnection with the expe-rienced sound

amplification,
2



In an barlior w-ck [I. 2- attenauation m.:'.---urementz Were
made in ducts wi_;h a1,•;rbing ;qa..s and wt;h a .un-eriLnpoad

air flcew It was tound uhat tie iffuc. of tce Lih; on the

propagation of snind 'waves in su.h -;t8 ;an ,

Lto three i-jservttionzs: 0 a

1) The change of the aienuation .f porouL. -cbso-hers and .
O t-~ 'i

high-ly damped resqian.e •osorbers, . .

o • 2�2 arked attenuation minima or, siwaal atiVfication re.p.. 3 '

with jn Upedresonatrs
3C 'C 3) selftexcitation.of ducts- with ud amped -xre 'onaturs_. _:D

With respect to the Tirst.twoesint3 this -work is the co
U0 0 Z)

continuation of the work quoted above; ttee results of this

earlier wQrk wil. be used hereseverl times. The a-thor' does 0- t.

not know of any other experimeýal investigation concerning the-.
attenuation of air-borne sound inof~ow ducts..The applicability

of the theoretical treatment of thts ptobiem by Pridmore -

Broi.n [3) will be tested with the experimental resull:s contai-

ned in this work.

R.B MeasurinEg Techni que

1) Wind tunnel"-

A. he arrangement of the wind-tuwmel is eesentlally the same

as described.in El, 2... FI.l gi'vesa- aschematic view of the set-

up eU•A sing)e-staFe rad-.oa w o'er with e _iotor of 7.5 kW electri-
cal power input generates th'e aix' Jlo,. The flow velocity was

adjusted withthe help of a. throttle valve at the air intake,
,,-The pressure tube g.as insulated from structure-borne sound from

the- blower by rutber collars1 Such insulators were used alse

at different other $ aces 'in the duct tD prevent dis-;urbances

in the test tube by structure-borne sound generated by the flow
•<in-the ducts. The air from the blower is penetrating a first

-ilencor of ]°5 T. len.mth (not.ený_ered in,-o. Fig.l) wl.ich is

constructed tnsa way Vt0o uiessth)e mork'. pronounced frequincy
components of the blower ngite. In~this silencer the air "ias

led throough a tube df-tper aorate. sheet metal cbrough a trahs ,.

versaely coff eredkbox. The single comrpart2Lents were 'tlet to

c "S
S,. > -, , .

[ '2 " Ot
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the iois% components to be attenuated by proper filling with
rock wool of different density. After this silencer almost
onlj the white noise of the flow remains. Blower and first
silencer were situated in a side room with a briclepartitfon
wallo In the measuring room the flow penetrated another 4ilen-a 9

cer of 1.5 m 1pngtb (see Fig.l) which cbnsisted pf an arrange 6
meat of parallel plates of rock wool. After this silencercthe o
free cross-section of the duct was continually-reduced to the0

entrance of the test tube. In front of the_ test tube the e C C

Generators for the acousticel signal and a nozzle foryvelocity
measurements were located. For meeasurement& of thp sound pro-

pagation against the flow direction the sound •sources lay atý

the other end of the test tube. The floW velocity was partly
measured with a Pitot tube penetrating about 70 cm into the
test duct from the far end. The test duct had a length of
2.4 m and a flat rectangular cross-section. Typical values
of the cross-section are 33 mm height and 99 mm width. The
absorber under test was put on the,.Tper broad side of the
duct. At the end of the duct a diffusor of 1-5 m length made
out of rock wool reduced the reflection at the duct termination,
the cross talk into the duct and the noise from the exhaust 0

For measurements of attenuation and phase velocity of the
sound wave in the duct the probe tube (8 mm diameter) of a
moving coil microphone acoustically matched to the probe tube
was drawn through the duct by a synchronous motor, For minimal
noise level a probe tube with lateral openings smoothly coverd4
with copper gauze proved to be useful. The distance of the
holes from the streamlined top of the probe was fivetimes the
probe diameter.

In the wind tunnel described above the maximal obtainable

and usable flow velocity depended on the test absorber. With
porous absorbers and Helmholtz rejonators with relatively
smooth surfaces flow velocities of up to 80 m/sec were reached C

in the test tube; X/4-resonators with deep and sharp-edged
grooves allowed only for 50 m/sec
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2) Measuring devices and methods.

in resting air two cone-loudspeakers on opposite sideg

of the test tqbe were used as sbund sources for the acoustical
signal to be measured. The loudspeakers were driven in pusl-

pifll4Pd the 'had an electrictl power in ut of 8 watts each,

-For measurements with superimposed flow two pressure chamber'

loudspeakers with an electricdl power input of 200 watts each

were used in the same arrangement ý Power was supplied from

a 1 kW-power amplifier. Cooling was achieved either by the'flow

itself or by a special blower.
The microphons was connected to a variable heterodyne fil-i

ter of 6 cps bandwidth. The filter was electrically coupled to

the built-in beat frequency oscillator, which was also feeding>.

the power amplifier of the single sources. Thus the signal

frequency was always in the center of the pass-band of the

filter,

For attenuation measurements the voltage at the filter

output was registered on a logarithmic level recorder while

the microphone probe was drawn through the test tube. The

inclination of the recorded line was evaluated in terms of

attenuation per unit length (dB/m).

For frequency analysis the paper-drive of the level re-

corder was coupled to the frequency drive of the variable
filter. The output voltage of the filter was registered while

the frequency of the filter was continually varied. Fig. 2

gives a block diagram of the arrangement for the measurement

of the phase velocity of the sound vave in the ducto

By comparing the phase of microphone output and generator

the wavelength in the duct was determined. Phase comparison

measurements in streaming air have to be made with frequency

selection to ensure a satisfactory signal to flow noise ratio.

The voltage at the output of the heterodyne filter can, how-

ever, not be uased since here the phase relation is lost in

5
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the filter Therefora a phase-sensitive mixer amplifier a

sczalledý"lcck-in° amplifier"., was built, its bandwidth can

,easily be adjusted.iMeasurements were made 'bith a bandwidth

of I cps. A third octave filter was used for p~eeelecticn. The

signs] anpiitudo at the measuring ihput of the lock-in ampli-

-' fier was controlled mechanically toogi~ve constant input voltage:
For this purpose a'level recorder was connected to the ohetero-

dyne filter. The recording system of the level recorder is

r'.-gidly connected With the slide contact of the logarithmico

i.iput potef-ic-i...ter aud it is moved in such a w,.ay that the

slide contact is always picking up a constant volta.ge, WJith

this recoredin- spistem. recording the signal attenuotion., the -

slide- contact of another, iUentical potentiometer was rigidly

cozunected-. This second potentiometer was supplIed with-the

tnA.a]ified ana preselected microphone voltaGe, Fol]cwing tht<

recording movemeznts of the attenuation recorder the slide 0

chntact of the second potentiometer was alt.,ays-auvved in a way

to pick up a constant voltage of the signal frequency which

•.~s then connected to the measuring input of the lock-in ampli-

foer. The reference voltage for the lock-in amplifier was

taken from the gene.ators The d c.-voltage at the output of

the icck-in amplifier was chopped and registered with another

level r ecorcde-x• The dynamic of this arrangemert was- 45 dB,. The

phase recorder recorded the square of the a . cvoltage from the

chopperý thua the phase differences n n ',- -1 2, ) are

c"early marked for evaluaticn0 Of course-the over-all dynamic

is lJmited by the dynanic of the attenuatjon reicorder as scca

as this falls bejlw "-?5 dB. The llmits of the meaz-uring accuracy

are given at ]ox,7 frequ-ncies by the nuumber of wavelengths in
the duc-i and at bieb attenuar.ion4valhos by the nuumber of wave-

lengv-hs displayeu on the attenuatioa recorder-
In a)! expex-imei:ri s the frequency was resd from a frequency

"neler clibrated wtd" h a quartz frequency standc;rd 0 The accuracy

c;f the ýa-tenuaricn measurernents differs for the Ji!ferenr
' 6
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frequencies, flow velccities and absorber types because of thf-i

varying lvnamic and the varying evaluation accuracy of the
inclination of the recorded attentuation lines. The accuracy
"is generally lower for very small (below.1 0o dB/rm) and vovýy

large (over 200 dB/m) attenuation. The signal to no~se ratic-

luring the attenuation measuremenes was. if not explicitely

stated otherwise. It least 25 dBE it'was usually between 53 r yd

£&5 dB. The standing wave ratio of the sound pressure caused tbw

reflections at the duct termination was below 4 dB. The crovr-

talk through the probe tube was 55 dB balow the sound level

through the lateral holes at the top of the probe. The cross-

talk from the measuring room into the duct was below 45 dV

Part II

Attenuation with Dissipative Absorbers.

For air-borne aound attenuation mostly porous absorbers

or highly damped resonators are used; these are absorbers witb
predominating disgipative attenuation. The influence of the
flow on the propagation attenuation can for these..types of

absorbers be described as the result of three usually inter-
fering flow effects.

A. Influence of the Flow an the Air-Borne Sound Attenuation.

In order to obtain a general survsy over the possible

flow effects, we shall derive an expression for the-propaga-.

tion attenuation of the fundamental mode in a duct with.absot-

* bing walls and a superimposed air flow for the simple case oft

a.plane wave from a discussion cf the ener~yo With this ex-

--pression we will be able to recognise and discuss typical

changes of the attenuation constant which are caused by the

flows

7
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"Fig 3 .

The wave shal. propagate in z-direction. The duct has a

rectaxgular cross-section with absorbing surfaces at x - + In-

'We 1lak at a section of unity length of an infinitely broad

diet in y.direction.. Ne all.w for lateral distribution of the

sounJ. field values in x1dIrecticn due to the wall coatings,

2etw,,.ocn tha sound pressure P at the wall. the particle

velocity V normal to the wall and the admittance L of. the

wall we have the fol1 wing relation

V_ -I Pw

(the horizontal line indicates complex values). The real

part of the sound oowc-r penetrating through a wall section dz

-dN ~P.- + pw v ) c12. d(12)

( Ja1cptcs ,t..on~jutatr*:.; i.mntr:.7.rie:i) ;7'th 1(x) the sound iuter
we .tc r te ' u u ant T.- we en.Yr r penetrrting throughba cross-

sotcr± of toe dutc wi-' t[e heighi, hb nd the width unity,

42
N- 1(X) d (3)

tTC
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Whence followA from "2,,

• z(x)dx a
44

&0
. Whence follcwa o

•(z) .•oe• =--... . )(a5

We substitute c -, ec o (L) in (5), use the well known ex-

pression I - p 2 /qc for e plane wave without flow and obtain

M(s) - N0  - as/LU (5a)

which is a generally used approximation for low frequencies

and not too high wall admittance (1p.1 - IPI ), [3, 41.
Equation (5) is valid over a wider range since there the sound

pressure distribution is taken into account.

We shall, however, only try to get a survey over the

effects of flow on the sound attenuation with the help of

equation (5), by studying the behaviour of the single compo-
nents in the attenuation exponent. We will therefore only deal

with the most simple cases.

1) Change of wavelongth.

We are to discuss the factor z/ I(x)dx and therefore

write

N(Z) . N° exp ( - Az/ ý I(x) dx) (5b)

taking A as constant. This expression is compared for a plane

wave in a resting medium with the expressisn for a plane

wave in a streaming medium.
In restinZ medium we have

1 h I(x) dx h p 2 /? c 0 h (6)

9
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A• simple calculation [5] reveals, that the sound intensity7

of a plans wave in a one-dimensional flow in the direction0

of the wave normal is equal to
IV -I( + M 0 + M (7)

with the exception of terms of the third order. Here ý if,

the density of the resting medium, p the sound pressure,

a the adiabatic soured velocity,. M - V/c the Mach number of
the flew, and Ioatio (5J reveasthat the plane wave with-

out flow.
F quation (v ) now writes

2@

A z "

""* exp L + -z)

with ov the attenuation per unit length at a flow velocity

T. It is obvious that

c (9)

If. however, the attenuation is related to the wavelengurh X.

i .e . X M za ý E

N(Z) - Wce a-0 NO e tlO

the flowcandge of the wadinlength is simultaneously taken

into account

_41 W 0v• • " o( + M). (i

it becomes'obvious, that the attenuation constant oc' is not

01

ouete yt heflow.

Equation (5)-now write

lOS

NW N p ~ A~ (8
o crv



Q Thus thg attenuation change caused by the flow as expres-
sed in (8) can be attributedcto the increase of the sound
wavelengthfor propagation in flow direction (forward propa-

gation; V, M > 0) or the deacrease of thle wavelength for pro-
pagation against the flow direction (backward orooaýation:

V. M < 0) resp,.

The invariance of the attenuation constaut rc-Kated to
the free field wavelength is a consequaDoe of our deduction

from aplane wave in a duct with a small wall admittance L.

It is obvious that generally the attenuation constant should

be related to the duct waveiength X and that iastead of (11)

the wavelength changes according to

AV - X +-- )(3C U (

u0 is the phase velocity in a duct with resting air.

If this flow effect should give a complete explanation
of the change in attenuation then - ns assumed here - the

pressure distribution over the cross-saction of the duct.
the wall conductivity and the phase velccity rel3tlve to the
medium should remain unaffected by the flow.

2) Change of the pressure distribution0

In expression (5) for the attenuation exKponent the
pressure i at the absorber sarface :s containid T" h.iis pressur.-e
can be changed by the flow while all othgr ftcco23j remain un-

changed.
When a real gas is streaming thro3.4c a d'rct ,. flewv

velocity is zero at the wall, It is increasia:z iJi a boudAIry
layer to the values of the center flow0 In any gven distaneb
from the wall the phase velocity of the wave i a approxitmt'tely
added to the flow velocity at this test point- •xcert from the
curvature of the phase plane in front of a porous absorber

already in resting air [6] these phase planes are aJditionally
curved by the, velocity gradient of the flow, The sound pressure
at the yall will be effected by the flow,

11
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The curvature of the phase planes and of the sound

beams by the uradient field of the phase velocity is a typical

problem of geometrical acoustics. It is a characteristic for

geometrical acoustics that all properties of the material

involved undergo a marked change only over distance large
compared to the wavelength. With the duct cross-section and
frequencies involved in our measurements no important change
of the pressure distribution could therefore be expected.

For a duct with sound hard walls Pridmore-Brown (5J has
calculated the change of the pressure at the wall, pw. caused
by the flow for the fundamental mode propagating in flow direc-
tion, The calculation was made for two different velocity
gradients: constant gradient and turbulent velocity profile.

An approximate solution of the two-dimensional, dissipation
free wave equation :ith superimposed stationary, tr=ansvcnzely
variable flow was calculated.. For constant velocity gradients
the solution is valid for low values of the gradient and for
turbulent flow profilas it is valid for boundary layer thick-

nesses large compared to the wavelength.

In both cases an increase of the pressure at. the wall
over the pressure in the center of the duct is found. The
pressure increase is reduced with decreasing Mach number of
the center flow and with a decreasing number of wavelengths

per boundary layer thickness, If the effective height h of
the duct is supposed to be the boundary layer thickness then
with a linear velocity profile and Mach numbear M 0,2 Ithis

was the order of magnitude reached in our measurements) the

pressure at the wall exceeds the pressure in the center of

the duct by 55 dB for kh - 20 and by 1O dB for kh 4 2n i.eo

X - h. For a turbulent profile the pressure increase is only
17 dB for M - 0,2 and kh r 20 instead of 55 dB with the linear@0

profile. The kh-values 2n and 20 are the only values which

were calculated by Pridmore-Brown in a tedious num2rical proce-
dure. However, by extrapolation to the values present in our

investigation 0Q.08 = kh Aý- 0.8 it can be shown that this

geometrical-acoustical flow effect does not play a role in
1
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our measurements, if not the calculation for a wall with

finite wall admittance would lead to essentially different

values.
Pridimore-Brown has also calculated the attenuation per

unit lern.th as a function of Rn from equation (5) for a tur-
a

bulent flow profile with a .enter flow of Mach number 04
taking into account the change of the wavelength according

to the preceding paragraph and under the assumption of only
a small wall admittance, This calculation was made for a
plane wave propagating in flow direction. It is shown that
for khŽ,5 the focussing eff3ct of the sound wave at the walis

exceeds the increase in wavelength: the attenuation is higher
than in resting air- For khZ-5 the attenuation is smaller than
in restins air due to the change in wavelength-

3) Variaticn of the characteristic properties of the

absorber.

It was in the two preceding paragraphs assumed that the

characteristic properties of the absorber - in equation (5)

this is the wall admittance t - are not changed by the flow.

It is, however, known that with many acoustical absorbers

the resistance as well as the reactance depend on the amplitude

of the sound vibration. For Helmholtz resonators the non-

linearity of the resistance could quantitatively be attributed

to the occurence of vortices, 17, 8). These non-linearities

are also observed when strong direct flow is superimposed.

Like in resonators also in porous absorbers a non-linearity

of the wall admittance can be caused by flow. A wall admittance

independent on flow vith porous absorbers would demand for

complete superimposihg of the sound wave and the streaming in

the pores of the absorber caused by the pressure variations of

the flow. From the experiences made in measurements of the

flow resistance of porous material we have to conclude that

this linear superoosition cannot be expected.

The influence of the flow on the sound attenuation by

change of wavelength and focussing of the sound energy is open

13
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to calculation. This is not the case for the variation of the
a

characteristic properties of the absorber. *e are still lacking

experimental results on the chance of impedance caused by fAw

parallel to the surface.

Since in our itfvestigazion duct dimensions and frequen-

cies used exclude the geometrical-acoustical effect and since

furthermore the effect of changes of wavelength can be elimi-

nated by calculation we can obtain from the resalts a first

information on the effect of flow on the characteristic pro-

perties of the absorber.

4) Sound scattering by vortices,

Another possible influence on the sound attenuation in

flow ducts is the scattering of sound by vortices in the flow
O.A. Miller and Matschat [9] have made an experimental

and analytical investigation of this type of sound scattering.

As a characteristic quantity for a Jiven stationary tLurbulence

pattern of the flow the ratio r/X was found; r vortex radius,

X sound wavelength. Below r/Xý-l the scattered sound enrgy

is decreasing rapidly with the fifth power of r/>, for higher

values of r/X it increases with the second po :er of the ratio-

"ith the small duct cross-section and large wavelengthj used

in this investigation sound scattering is without influence

on the attenua .ion. A measurement of the attenuation in our

duct with sound hard walls revealed no change of the attenua-

tion at different flow velocities within the limits of measu-

ring accuracy. But also for 2arger values of r/X the Affects
will remain small. The scattered energy is increasing, but

for increasing r/A the scattering becomes more and more for-

ward scattering0

5) Interaction of flow effects,.

In paragraph 1) the influence of a change of sound wave-

length on the attenuation was discussed under the assumption

that the phase velocity of the wave remains constant in a

14
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coordinate system moving with the flow. In paragraph 2) only

the effece of the flow profite on the cross-sectional distri-

bution o4 the pressure was discussed; not discussed was the

influence on the distribution of the phase over the duct

cross-section and the resulting phase velocity of the wave

in the duct. ThA oropagation of the wave in the gradient field

of the flow can be treated like wave propagation in layered

media in which the wave would have an averase phase velocity0

Also the effect of the change of the characteristic properties

of the absorber according to paragraph 3) on the change in

attenuation according to paragraph 1) is obvious: if the

effective wall admittance of the absorber is varied also the

phase velccity of a wave propagated along the absorber is

generally changedo

A marked effect of the phase distribution in the flow

profile on the attenuation in a duct coated with porous ab-

sorbers is even to be expected when the velocity gradient of
the flow does not produce a change of the so-i ;::r-ss' r& n

at the wall as it was calculated by Pridmor' , fC

a duct tith sound hard walls.

It is vell known [6, 10] that an original'j F. ..

xve propagating along a porous absorber has • -ve' r e

surface in resting air. This is indicated in .h uppoŽ .-
-rams of Fig.4- The hatched area be the abw Ffi ih a.. r

above it. The sound wave shall propagate 2 , lct tn right-

Then the angle 0 between the wave front 1 g aL

and the absorber sarface is accordinr to

tg 6  ytjrT -1-

given by the porosity T the flow resistance r and the ratio

of air density ý in the material to the density YO in frae

space.

15



The curvature of the phase surface in restin3 air i& a

consequence of interference of the sound wave in front of the

absorber with the near fields of the compressional wave in
the material and with the surface wave at the boundo*y. In
resting air the angle To is generally correlated over the
boundary conditions for the three waves with the penetration
of sound energy into the absorber so that a smaller angle 10
stands for a higher penetrability i.e. for a higher propaga-
tion attenuation.

Even if we leave out of consideration that a change of
the properties of the material by a superimposed flow is pos-
sible, the angle between phase plane and absorber surface owi
be affected by the phase distribution in the flow profile. In
the second row of Fig.4 a diagram of the flow profile is given
for both directions. The superposition of the phase velocit;.• u
of the sotid wave and the transverse variable stream veloci V
is also indicated. In the case of sound hard boundaries and
boundary layer thicknesses large compared to the wavelengtn
th.e. rave ftront2 of tiC sound ,-nve are deformed by this suwr-
pos_,;ion iuto a shape resembi 1  ' te f-cw orofile. In thI.

case, we will also cit. r' the sounrA _riit?§t,..;.

dire.;3se8 •- ara-raph 2). If the trar .ai3e dimens_&)ns u:
-ho fl.ow ik1e are smaller than the vav, Length, hoW,-e.1,

the press:.- constant over the cr( .- tion and the ph -ie

surface of tVe vave can no longer be c--t:'ucted byi sinple
addition of phass velocity u and locr" As velocity V; th'"
is, however, still az a2ditional cur •tt :.f the wave fronts
at the wall causc:d by interference -n t¼3 flow profile. This
a-4-4 d y_,t U ••.rv•.3jtre of the wave fronts b'ss tbe same direction
as that of the flow profile. By adding the curvature oIf the

wave fronts caused by the flow to that which is already exist-
ing in resting air in front of porous absorbers, the resulting
angles I are different from one another depending on the sound
propagating in or against the flow direction as it is indica-
ted in the third row of Fig.4. This change in angle is not

16

o0

C)



0 connected with a change of the absorber •roperties accordinj

to equo (14), such an effect car. occur additionally. In any

case the front-surface angleZ is correlated with the penetra-

tion of sound energy into the absorber; although the corre-a
lation is different from that in resting air. In the neighbor-

hood of the absorber flow and wave front include the angle Yv

According to Blokhintsev [l] the sound power averaged over

one period penetrating an area parallel to the flow of unit

cross-section is Given by
S¥

(¶v) p (l Bsiny v)

Whence follows that different attenuation characteristics are

to be expected with porous absorbers for the two possible pro-

pagation directions relative to the flow direction. This disc

symmetry is disclosed in the measurements described later, For

a quantitative investigation more measurements should be devo-

ted t, the sound field and the flow profile at the absorber

,•t tt uat•.• ?Measure!r;.nts .ith DissiEative Absorbers.

a t l A- *,'..s absorber a rock wool layer

V ->.;v.. •oa4AcA by =. : . nd Hartmann) of mh .r tic.k-

ne2-.-3 coýered ri. nerf ; sheet un the flow .Aide ".-as tes .

T;e p-s.Crated Sheeta d° .

of ' mm; the : eJarf.c f:j. - f- the hIles was - " the enxize

sheer su'face. ,7htP -_Q- ',4, oQ. a Covei boar". on the reai- ;de

the absorbzr wt C'1 tt.=ns I r.n:e broad sit of vhe 'Iucý t- .*-jfll

moderate pres-ra-. iho crh, :--:;ecxD:. '4-f the duc wan 33 :; lOt
mmo

In Figo5a a sketch of the cro$s-seotion tS 'cven; ,

given is the attenuation a in dB/m as a functioa ;,f T -

quency in keps. The flow velocity is taken as a parameter 0

Positive values of V indicate sound propagation in flow direc-

tion, negative values indicate propagation against the flow

direction.
17
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During these measurements as well ar during the following
"experiments concerning sound propagation in both directions

two pressure chamber systems were used; one at each end of the

test duct. Thus attenuation measurements could be carried out

in both directions without changing the absorber arrangement.

It was shown in [1) that the scattering of the measured
values is caused by bending vibrations of the perforated sheet.

For forward propagation the reduction of attenuation is

about equal over the whole frequency range. For V - + 70 m/sac

and 1.0 keps the attenuation is about 40 % lower than the

corresponding value for resting air. For backward propagation

the attenuation is increasing evenly but not at the same rate.

The increase in attenuation at V - ?0 m/sec and 1.0 keps

amou-nts only to 25 1.

The attenuation curves for the different flow rates are

not alike. The curve for V a 0 has a hunch at 1.0 kops. For this

frequency the thickness of the rock wool is equal to a quarter

wavelength in the material. For forward propagation this hunch

is evened out with increased flow velocities. Considering that

the hunch at I keps is the result of a resonance - however

weak -- this observation agrees with the general experience that

for forward propagation especially the resonance attenuation of

less marked resonances is reduced with increasing flow velocity

(comp. Fig.6). The curves for backward propagation, on the

other hand, are much more similar to those measured with resting

air. W1e will have to discuss the different variation of resonance

attenuation in connection with the measurements with damned

Helmholtz resonators.

According to the remarks made in paragraph A. the varia-

tion of the attenuation must partly be caused by the change in

wavelength due to the sup3rposition of flow. In order to eliiai-

nate this influence the phase velocity u42 was measured in the

duct with resting aMr. Together with the wavelength X it is

18
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plotted in Fig.6 versus frequency f.

The attenuation ac per wavelength kv in the duct for a

flow velocity V was calculated according to

I (+ ) (15)

from -he averaged attenuation curves given in Fig0 5b belonging

to the measured values indicated in Fig. 5a. The results are

plotted as a function of the frequency in Fig. 7. The heavy

drawn-out line is the attenuation per wavelength at V a Oý

Measured values for backward propagation are found in the

hatched area. The curves for forward propagation are given as

thin lines,

The different behaviour of the attenuation for the two

propagation directions of the sound is obvious, The attenuation

per duct-wavelength is nearly constant for propagation against

the flow; the deviation in the hatched areas is at first in-

creasing with the flow rate. It reaches a maximum for V -

S50 m/sec (above 500 cps tie curve for V - 50 mrsec gives

the upper limit of the hatched range) and then decreases again,

The curve for th^ attenuation per wavelength at V - 80 m/sec

is identical to That for V - 0 r/sec within the measuring

accuracyc For signal propagahion in flow direction the devia-

tion of the attenuation per duct wavelength can, according to

the considerations in paragraph A, only be explained by f lcw

dependence of the characteristic properties of the absorber or

by a change of the wave front to surface angle f due to the

velocities gradient in the flow. it is remarkable that most

of the deviation is observed already in the velocity interval

from 0 to 30 m/sec while the deviation is changing only relative-

ly little at higher flow velocities 0

The dissymmetry of the change in attenuation related to the

two different propagation directions is very distinct, This is

clearly visible in Fig.81 where the difference a X? a of the

attenuation per wavelength with and without superimposed air

19



flow at frequencies 0.4, 0.6, and 1.4 kops is entered as a

function of the flow velocity V. For 0.6 kops values derivedC

from the measuring results in Fig.5a are entered as thin

lines since here these differ very much from the approxima-

tion curves in Fig. 5b. The dissymmetry can be explained

with the change of the angle 97 by the flow as was discussed

in paragraph A.

'le have to mention that by relating the attenuation to

the wavelength the other flow effects are falsified: an in-

crease in attenuaaion with rising flow velocity is pattly

compensated and a dissymmetry with smaller attenuation in

forward direction is overaccentuated. If for example the de-

pendence of the attenuation a on the flow rate V is written like

I (l g V/u -g(V) (16)
0 0

with g(V) the additional attenuation reduction by the flow,

so that

X - a 0 0 (1 + V/uO) g(V) (17)

then it becomes obvious that at V.> 0 g(V) is multiplied

with a factor greater than X and at V z 0 with a factor

smaller than 0. The factors differ the more the greater the

amounb of V.

Another often used absorber arrangement with predomina-

ting dissipative attenuation consists of highly damped Helm-

holtz resonators. In Fig.9 the attenuation constant a in dB/m

for such res6nators is displayed as a function of the frequen-

cy f. Also given there are the geometrical dimensions of the

resonators. A trolitul lattice with 33 mm spacing and 2 mm wall

thickness was glued to a lucite plate of 10 mm thickness. The

lattice separated the resilient volumina of the single resona-

tors. Precisely centered holes (10 mm diameter) in the lucite

plate served as resonator necks. The flow resistance was given

by a micropore foil glued to the flow side. The cross-sectional

dimensions of the duct were 33 x 99 mm2
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In jFig.9 again the marked reduction of the resonance
attenuation for forward propagation is to be seen. Also shown

is the increase of the resonance frequency caused oy the flow.

These observations were already reported earlier. The shif~t

of the frequency of maximal attenuation towards lower frequen-

cies for sound propagation against the flow (comp. Fig.16 for

contr.) is unexpected. In backward propagation measurements

the attenuation in resonance is increasing at first wi-th the

flow corresponding- to the.- contraction of the wavelength. But

then the attenuation is dropping again In spite of the further

contraction of the wavelength. The obvious reason is the non-

linear increase of the flow resistance in the pores of the

mikropore foil In front of the resonator necks.

T~ro eliminat-e the effect of changes in wavelength caused

by tie flow the phase velocity was measured in the duct with

resting air. Together with the wavelength the results are

shown in Fig.6. The dispersion within the range of the resonance

frequency Is visible. The attenuation per wavelength was

then calculated according to equ. 15. This is illustrated in

FigolO. The resonance attenuation is decreasing with increasing

flow velocity for both directions of propagation. The increase

of the attenuation per wavelength at V = -40) m/sec and the

considerable shift of the rrXima at V > 0 was caused by a
"1wrong" choice of jo when reducing according to equ. 15. In

order to reduce to the real duct wavelength at the flow velo-

city V, u 0had to be that velocity,, which,, added to V.

OC

leads to the phase velocity uv of the wave in the duct at a

flow velocity V. u. was determined in resting air; however the

flow leads to a change of the resonance frequency and thereby

also to a change of the phase velocity relative to a coordinato

s~ystem moving with the flow and this change is especially

noticeable at and around the resonance frequency. But since

relating the attenuation to the wavelength should reveal all

other flow effects on the attenuation it is justifiable to
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use U0 for the reduction. According to earlier investibations

and to results discussed in part III of this work even a sing>l-

resonator changes its resonance "requency in flew.

Apart from these anomalies caused by the use of uc - V

instead of u. for the reduztion of the attenuation constantv
a symmetric change of the attenuetion with the flow velbcity

is zccn from Fig.Sb. In Fig,8b acain the difference betdeen

the a.ttenuation constants po*r wa1 elength with superimposed I-cw

and in resting air is plotte4 against the flow velocity. Thu

higher symmetry af the attenvaticn c`anje compared to Figf7.Vs

inspite of essentially the same structure of the absorber sax.

faces corn! rms the explanation given for 'the dissymmetry of the.

attenuati*-)'- -hange with the porous astiorber.

.'art III

SciaC 1s• zpyificaticn with React)wvz Absorbers

Sometimes minima of sound attenuation in flow ducts with

damped resonance absorbers are otserved [2] the frequency of

which is changing with the flrw velocity. These minima are

related to the reactive character of the absorbers; they are

more clearly visible and can even cause sound amplification

when undamped resonance absorbers, i.e. absorbers with pre-

domiYnating reactive attenuation. are used.

Characteristic for reactive ab&•..-bers in resting air is

a high resonance attenuation witt a small bandwidth. Under
the influence of the superim;posec flow generally shift of the

resonance to higher frqcuencies: tendency towards self-excit-a-

tion and occurence of deattenuation or signal amplification-

resp. are observed. In this part of tho .,ork deattenuation and

sound amplification caused by flow wi') be investigated.
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A. Measurements with Reactive Absorbers.

In [2] attenuation measurements with undamped Helmholtz

resonators were ieported0 For comparison with other measure-

ments the more important results are shown again in Figoll. The

dimensions may be read from the diagram of the cross-section in

Fig.11. In these measurements the sound propagated in flow

direction. Measurements with backward propagation will be dis-

cussed later. Fox the i~vestigation reported in the work at

hand mor powerful signal sources were available than for the

former experiments. This enabled a checking of the amplitude

dependence of tte amplification.

In Fig12 attenuation measurements for three different

signal levels at a flow velocity V = + 45 m/sec is displayed,

No absolute calibration of microphone and filter was carried

out, All levels are related to an arbitrary reference level;

the reference level is the same for all level values given in

this text. The signal level during the earlier measurements

given in Fig 11 was about 40 dB. The attenuation -7ith super-

imposed air flow is according to Fig.12 independent on amplitude

except in the amplification range. In the same way the attenua-

tion in resting air is independent on amplitude over the whole

frequency range within the measuring accuracy. Fig.13 illustra-

tes the amplitude dependence of the amplification in detail;

The level of the flow noise in these measurements was about

6 dB. For signal levels up to 45 dB no systematic change of the

amplification with the amplitude was observed within the limits

of the measuring accuracy, For higher amplitudes the amplifica-

tion is reduced; simultaneously the frequency of maximal ampli-

fication is changing. For all signal amplitudes the recorded

sound pressure as a function of the distance from the sound

source (logarithmic scale) is a straight line disturbed by a

more or less marked wavyness0 Fig.14 and 15 show curves recor-
ded on a level recorder during such measurements. In Fig.14 the

signal level is about 40 dB. In Fig..15 the curves show:
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a) The sound pressure in resting air, b) the flow ncise,

"c) to f) recordings for a flow velocity V - - 45 m/sec and

different signal levels, Fighl5 is an example of a wavy

curve, The wavyness at low signal levels at the entrance of

the duct might be caused by a parasitic wave of equal frequen-

cy but different phase velocity. The accuracy of the phase

measurements in the flcw was not sufficient to investigate

phase velocity and source of the parasitic waveý The occuren-

ce of wavyness in amplification ranges is only sporadic (see

Fig, 14)--
The attenuation was measured with the same resonators

also with sound propagation against the flew diroction; the

results are given in FigA6- For resting air the curve is

drawn out' with superimposed flow only the part above the

resonance is given for clearness. Belc•w the resonance an

attenuation increase is observed corresponding to the change

of the wavelengt-h caused by the flow. In the neighborhood of

the resonance this effect is ma2s.d b the shift and the re-

ducticn of the resonance attenuation. The resonance attenua

tion is changes to the same degree and in the same directicn

as with forward propagatica. There is no amplifLcation.

For the flrw velocity V - 8C m/sec an area around

2 keps is hatched- Such areas are observed for all fl~w rates

just before the'slightly marked attenuation maxima bu+ they

are not indicated seperately for the other flcw rates.
In these areas the attenuation cannot be defined un-

equivocally. There are two distinctly different slupes on the

recordings: a steeper one in the neighborhood of the sound

source and a flatter one in irnqter distance- Both of them

become steeper with rising signal amplitude- The slope ob-

served in greater distance from the sound souroe imsabject

to a much stronger chang- with-amplitude than the sound

pressure decrease near the loudspeaker. With increasing

signal amplitude also the range with the steeper slope is
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extenaing. in ýhese frequency ranges only two statements are

defined to a certain extent: The drop of the sound pressure

near the sound source, which is relatively independent on
*

amplitude1 and the frequency of minimal pressure decrease in0

a greater distance from the signal source. In Fig.16 the slope

of the curves recorded at the far end of the duct is plotted-

as the lower limit of the -hatched area for V - - 80 m/sec

(at a signal to noise ratio of 15 dB). Otherwise the slope of
the recordings in the neighborhood of the sound source (distan-

ce up to 80 cm) was used in Fig.16.

We have discussed the pressure course in these areas in

more detail since they are very different from the sound ampli-

fication with forward propagation. First of all this is true

for the amount of deattenuation. Furthermore for backward pro-

pagation the inclination of the pressure records at the

farther end of the duct shows a strong dependence on amplitude

even for the smallest signal amplitudes, while for forward

propagation an amplitude dependence of the amplification is

noticed only for signal levels exceeding 45 dB. At last for

forward propagation the registered curves can always be appro-

ximated by straight lines and we would like to emphasize here

that in all other measurements in deattenuation ranaes the

registered ?urves were straight lines.

In spite of these discrepancies we w.ill liter obtain *an

important information on the sound amplification mechanism

from the frequency of minimal inclination of the pressure drop

with backwasd propagation.

In Fig.16 we have attenuation maxima above the resonance

the frequency of which is changing with the flow Velocity. In

FigA'7 these attenuation maxima for negative V, the attenuation

for V 0 0, -and the amplification for positve V are confronted,

For equal absolute amounts of the flow velocity the frequencies

of the attcnuation and amplification maxiia ave The same, The

attenuation maxima for backward propagation show only a small

amplitude dependence; for example at V - 50 m/sec and

1,7 kops the attenuation is only changing from 6&3 dB/m for
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a signal level cf 55 dB to 5ý5 dB/m for a signal level cf

30 dB

In order to investigate the conditicns for sound ampli-

fication the absorbers were varied.,
It is an important experience from the experiments that

all dimensians have to be kept constant over the entire length

of the duct with utitost care and accuracy, Small deviati-ns in

the dt•ensions of the resonators cause frequency deviations
and changes of the wave impedance- which influence and often
prevent sound amplification,

It is learnt from the results reported in [2] that the

sound amplification is critically dependent on the shape of
the flow-side end of the resonator necks, Resonators were

built the values of the acoustical elements cf which - vibra-
ting mass and resilient volume - were identical with the

Helmholtz resonators described above. The necks, however, were

given a shape so that a stronger interference with the f]•hw
was to be expected (see Fig•r8) The necks consisted of tubes

with an inner diameter and a length of 10 mm protruding -- mm

into the fl,w. In Fig,18 atr-Jnuation curves for sound propaga-
tion in forward direction are displayed The attenuation below

and in the neighborhood of the resonance frequency shews the
usual behaviour. It is only to be memarked that the resonance
frequency sbift. -wrhl-h car. only be explained by a reduction

of the vibrating; mass by the flcw, is smaller in this case then

with resonator iiecks sitting flush in the wall, The deattenua-
$jon at V 5 + 30 m/sec is. as expected. greater than with re-
sonators wi'h flush necksa at highar flow velocities it is

howevcr,3maller The deattentation is mere and more reducad

by higher :wvelcc.>s wln.te it.. remainud cons'tant wiTh the

z.isonators -ho;mn, in TtLg-1l.
The reLuction cf tue deattenuation rath rising flu-w vel.-

city is a rect: of -l.e g-ner,_taliy experienced fact that the

sound am,.'.i-ication 2.r-ýreases; i . the sane descree as t-he f- w

in the duct -.ecýtes high:, t-_rbalent over the ei-tir'- c:oss-
secti:-n owi_:g V( mam..ed obstacles In the streawn-.
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It is als,: seen from Fig 18 that the amplitude depen'iencp

of the deattenuation - indicated by the hatched area in Fig 18

between the measuring values corresponding to a change of the
signal level of 10 dB - becomes smaller with rising frequency

Furtheruore the attenuation increase at flow velccity

V + 75 m/sec and a frequency of 1-9 kcps is obvious This it

an example for an experience alsc made with other absorbers

concerning the increase of the attenuation in forward propaga-

ticn measurements in the neighborhoo.d of the self-excitatlcn

frequency of the duct 12]. Otherwise the intensity o. the self-

excitation is very small with these resonatcrs-

Attenuation measurements in forward propagation w~re als

made with X/4 - resonators- In Fig-]9 the results are pl-tted

for a single sided comb-line with equal width for gap and walY
The curve for the attenuation at resting air is drawn out-

Else only the measuring points have been plotted.Bel, w the re-

sonance the attenuation increase in the ranage of the self-exci-

tation is again visible (for V - 35 m/sec the frequency of

self-excitation S Z. is entered)- If both broad sides Gf the

duct are covered with comb lines (Fig 20) the measured pcInL
with superimposed flow are even nearer (in the hat,hed area)

to the attenuation curve for resting air

Deattenuation is not found under these conditions This

is again attributed to the high degree of turbulence of the
flow caused by the sharp edges at the gaps cf the comb line

The turbulence of the flow is also expressed by the maximal

obtainable velocities of the flcw: 55 m/sec and 4QO m.'sec resp

instead of 80 m/sec wJith other absorbers

In order to reduce turbulence the width of the gaps was

reduced to 10 mm leaving the period length of 40 mm unchan3ed

(Fig-21). Now deattenuation is again cbserved Remarkable is

the deattenuation at V , + 80 m/sec just below the second re-

sonance (dotted line)-
A correlation between deattenuation and shift of the re-

sonance frequency of the absorbers both caused by the flow

27



0

could be supposed- This supposition could be suggested by the

attempt to explain sound amplification caused by the flow as

a parametric amplification: pronounced frequency components
of the flew noise probably together with the intense self-
excitation wave of the duct could - working as so-called pump
generator - change the reactance of the resonators periodi-

cally-
In the case of parametric amplification suitable frequeu-

cy components must be found by frsquency analysis in the tur-
bulent noise. Self-excitation must be omitted as pump generatco,

since amplification is found also in velocity ranges without

self-excitation. Under conditions of amplification, that is
with a flow velocity V x* 45 m/sac and with resonators accor-
ding to Fig.ll the noise without signal was analysed: white
noise was found, Only in a small range arcund the self-excita-

tion frequency the level was increased by about 5 dB.In a

second analysis a signal of I a kcps, that is the frequency
cf maximal amp•ificaticn for this flow velocity, was added with

a 40 dB level. There was no change compared to the preceding
measurcments, a3though with parametric. amplification the idler

frcquency between pump frequency and amplified frequency shcu)d

be amplified tcc-
Furthermore resonators were bu!ilt with a large flow depen-

dent shift of the resonance £requgn.yy In order to develop a
suitable resonator a sinje resonatcr with constant resilient
volume ,crsss-section 51 x 51 mm2 depth 24 mm; but with neckE

of different width and length wes flyod to the sound hard duct

Tae resonator was excited iz the Cesilient volume by a sound

source wi-h high acoustical impedince The souad pressure was

measured by a prcbe microphone with a very thin boring- The

resonance curve was registered at different flow velocities

in the duct by means of nhe tunable hWte.cidyny filter. it was

experieucr.d: that the relative shift of the resonance frequency

is !he greater the wlader and shorter the necks are. itL a
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leng1 h of the neck of 5 mm and a .idt1h f 8 mm a frequency

shift cf '-8 % was found at a flsw velc.City V 7- 0 m/ser With
an arrangemen÷ of audh absorbers -he attenuation for forward
propagaticn was measured tFig 22) The resonance frequency

shiff° of the whobe group was-smaller '57 %) then that of a

songle resonator (reductiorn of the vibratin• mass pc-r resonater).

But the shift is still cler.rly larger than with resonators

according to Fig-11 (22 %) The relative char.-e of the rescnanc,-

frequency and of the vibrating mass m of :ne resonator accor-

ding tc Fig. 22 are plotted against the flrw velocity in Fig 2A.

The dotted lines beliw V -4 0.m/sec are deraved from the be-

haviour of a singLe resonator in the flcw

The reactance of the resonators is therefore decidedly

non-linear, A sound wave with high amplitude or a distinct f~t•
pulsation can change the reactance cf the resonators according

to a characteristir like that in Fig- 27 and therefore serve as

pump generator. According tr the basic principles of paramotci.v-

amplification frequency of these pulsations has to be different

from the si-naI frequency to be amplified. The pump frequeacy

should therefore be found by frequency analysis. But also with

this resonator type no pump generator frequency was to be de-

tected- The sound amplification according to Fig 22 is essential-

ly the same as with the other resonators Fig.ll) inspite cf

the different tunability of the reactance, Therefore the sound

amplification is no parametric amplification.

The mechanism of parametric amplification has to be ex-

cluded since there is no fl-w pulsaticn serving as pump genera-

tor- But we will see later that the a.plificatlon is really

caused by certain flow pulsation. It mist however, be empha--

sized here that the frequency of these pulsations superimposea

on the flew is equal to the signal frequency
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B. Explanaticn of the Scund Amplificat-cn,

In the investigation cn the influence cf flow cn air-bornt.

sound attenuation with reactive abso-rbers an interesting physi-

cal. phenomenon was met: amplification of an acoustical signal

along its propagation path through the duct This sound ampli-

fication will be explained on the following pages and alse-

possibilities for a quantitative treatment cf the problem v't

be given0

We will use the analcgy with the electromagnetic travelli. 2•

wave tube as a guiding principle, This includes the advanbage

that the analc-gous electromagnetic amplification mechanism is

easier to put in words. that the characteristic features of

sound amplification will become evident and especially the neec-

sity and fertility of the term .pseudeo sound" introduced by
Blokhintsev [11) wll be seen The th'cretically and formally

difficult term pseudo sound will be explained in so much deota:*.

as is necessary for the expla-naticn of the amplification. The

term helps with the conceptual separation of the flow and scund

phenomena which, with the exception cf the equaticn cif ccntinui-

ty. come from the same basic ejuations, It represents further

more the energy transmitting link between flow and sound field

because of its non-linearitjy The classical analcgy between

acoustics and electrodynamics is basin: on the fact that ccr-

responding phenomena are treated with the same mathematical

means- It will be shown that this is not possible in cur case

We have therefore got to show under whicih (most simple) con-

ditions for the flow the basic equations of the flow and sound

field permit in principle an amplification of sound,. We will

find that only a spatial p:ricdicity.of the staticnary basi-t

flcw is required- This result leads us to a phenomenological

analogy of the sound amplification and amplification of electrc-

magnetic waves in travelling way) tubes with pericdic delay
lines- The conception of partial waves on such lines will be

deduced and applied to our flow duct. The ambivalence of partial
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waves as a computational term and as a physical reality will bu

*disclosed,,'With this we have a basis for the comparison of the
S

measuring results given in paraqraph A with the conception

developed on these pages. -ronounced similarity of sound ampli-
fication :.'ith the electrical partial wave amplification will
be found. We will understand differences with respect to ampli-
tude dependence of the amplification and the sensitivity cf the
amplification to turbulence in the Asic £low.

.) iLectroma-retir travelling wave tube,

The principle of the electronaanetIc- travellin' !ave -,ve

will be .nc-plained to an extent necessary for the illustration

of the sound amplification. Fcr further informaticn the reader
is refered to the literature cn the subject for example the

monographs by Pierce (12). Kleen [13]. and Beck "i1]. A cQC-
prehensive description -.;ih ample literatu..re references is fQ.xd
in 2 Mdller and 2tetter [15]

The essential elements of a travelling wave tube are t!.e

delay line for the electromagnetic wave tc be amplified aLd the

electron beam serving as a guide for the spa'e char;e waves
'-he delay line wave is rcaching into the discharge space with
relatively weak stray fields. the space charge waves in turn
induce with their lateral near fields altecnatin3 currents in
the dclay line Both waves are mutually c-upl2d by means cf
these fields along the propagation path: The delay line wave wil.
be amplified, if it is so much delayed that it is 3ynfChrClonous

;7ith the so-called slew space charge wave In stationary cc3rdi-
nates thiLs wave is moving in beam direction. Relative to the
3lectrons in the electron beam. however- the slow space charge
wave is moving backwards- Energy is delivered from the kineti'
energy of the electron beam A part of this energy is transmlt-ed
to the delay line wave by means of the space charge waves The
space charge waves are the energy transmitting link betvreen

felectron beam and delay line wave- They are suited for this
purpose because of their essentially non-linear character, spa.e

charge waves are tfle formal expressiontfr pulsrttion on the
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electron beam, which can be described as plasma waves in a

stationary coordinate system, They have to be distinguished

from the usual electromaznetic waves propagating on the delay
line of the travelling wave tube in the first place because of
their non-linearity; the electron beam is also guiding electro-

magnetic waves which in contrast to space charge waves can be
linearly superimposed. The other essential difference is given
by the form of energy in these two wave types. In the electra-
magnetic wave energy is oscillating between the electric ana

the magnetic field energy: in the space charge wave energy is

oscillating between electron repulsion and kinetic energy of the
moving electron mass. The coupling between these types of waves
is effected by the common electric energy. The magnetic field
component connected with the motion of electrons can be ne;lected
for beam velocities small compared to the velocity of light-
There is therefore no radiation from the space charge waves.

Most of these statements can directly be transfered to

sound amplification after introducing the pseudc sound, A dif-

ference between travelling wave tube and our duct essential for
the quantitative treatment comes from the fact that :n the

travelling wave tube each of the coupled wave types is clearly
assi-ned to its owm guide- while in our problem duct flow as
well as sound events take place in the same medium or on the
same •uuide, In the travelling wave tube the line wave is pre-

dominntely led by the delay line; the energy of the stray fields
is small- the space charge wave is limited tc the electron beam

Calculating the travelling wave tube mechanism each of the waves

can be examined on the respective guide tIthout mutual coupling
and than a solution for the whole system can be found by intro-
ducing suitable coupling factors. Since Pierce [-2., 16) this is
the classical calculation method, The same way cannot be used

with our flow duct because of the common medium Ior flow and
sound wave tc be amplified.
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2) Sound and pseudo sound.

The introduction of pseudo sound shall help to solve the

* difficultycaused by the fact that there is only one m'aium for
flew and sound. There is a two-fold relation to the travell)in

wlave tube analogon: only by the introduction of pseudo sound
the similarity between sound amplification and the amplificaticn

mechanism in the travelling wave tube is established in basic

requirements, and on the other hand the comparison w,!ith space
charge wiaves can elucidate the pceudo sound,

2ven if we leave aside the statistical flow noise genera-
ted by turbulence at the limits of the flow or at the microphone

itself, a pressure sensitive microphone in the flow will pick

up alternating pressures coming from the flaw.v For example a

monochromatic pulsation v cos wt be superimposed on a stationary
flow V. the entire flow being

V V V0  v cos Wt (18)

then we have a pressure P at the microphohe:

P °- Pc . A L v B B2(11P; 0 - ~ B v2 (Q9)
B~t

A and B are form factors depending on size and shape of the
sound receiver and on the position of the sound receiving

openings on the microphone bcdy L111, If the receiver is only
sensitive to alternating pressure and if the pulsation ampli-

tude v is small compared to the velocity of the flow, the

receiver will indicite an alternating pressure

p a B , cVe v cos wt - A , ow v sin wt (20)

although in this example no sound field was sup 'rimposed on
the flcw, The first term in equation (20) comes from the

dynamic pressure. it is quadratic in the flow velocity and

therefore produces modulation products with the turbulence

components of the flow- In order to reduce the disturbing
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influence of the turbulence on the received sound pressure the
geometry factor B of the pressure microphone is made very

small for example by making sound receiving openings at the
sides of the receiver. Our microphone was constructed accor-
ding to these points of view. But the second term in equ.(20)
is still remaining. It can by no means be removed since a re-
duction of A will always result in a reduction of the sound
pressure sensitivity of the receiver.

This means that a flow. pulsation will always be registered
by the sound receiver like a sonic event and that it cannot
be seperated by the receiver from a real sound field. There-
fore these flow variations are according to D.I.Blokhintsev
[11) called pseudo sound. Although pseudo sound is picked up
by a receiver in the flow like a real sonic event there are
.important physical differences betwean them, and by comparison
with the preceding paragraph it is confirmed that thene dif-
ferences are analogous to those existing between electromagne-
tic waves and space charge waves.

In a stationary coordinate system sound is essentially
propagating with sound velocity; pseudo sound propagates with
the average flow velocity like electromagnetic waves are pro-
pagating with the velocity of lisbt and space charge waves
with about the mean elebtron beam velocity. Sound waves of
smaller amplitude are linearly superimposed in resting air
as well as in flow; but flow pulsations are essentially non-
linear. For sound the compressibility of the medium plays an
important role; one of the energy stores of the sound wave
is the potential energy of the compression of the medium.
Therefore we observe radiation from a sound wave. For pseudo

sound in flow with Mach numbers small compared to one the

compressibility is of secondary importance. Therefore no
radiation is observed from pseudo sound. The analogy with the
electromagnetic case is evident, when "compressibility" is
replaoed by "magnetic field". Like space charge waves pseudo
sound is decaying transversely outside the flow in exponential
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near fields. The analogy to electromagnetic waves is carried

still further by the fact that sound and pseudo sound have

one type of energy in common: the kinetic energy of the me-

dium particles. However, the potential energy of pseudo

sound is not stored in a change of state of the medium, but

is represented by the restoring force of the flow limitations,
Pseudo sound is sb important for our problem because in

a duct the boundaries of which consist of resonators these
resonators are also sound receivers picking up the pseudo

sound. Since their mouthpieces are sitting flush in the wall.

the second term in equ.(20) will prevail. An "elastic"
boundary of the flow is given by the oscillating air in and
in front of the necks. Or, from another point of view, if the
boundary of the flow is thought to fall on the walls of the
duct (a partition wall in the flow side of the resonator
necks must be added in thought) then these resonators form
sources of flow with time dependent yield. The possible ex-
citation of pseudo sound by the oscillating motion of the air
in the resnnator necks is thereby indicated. On the other
hand the resonator is sensitive to pseudo sound. The kinetic
energy of the flow pulsation transmitted into the resonator
is for a very short time stored as potential energy of the
compressed air in the resilient volume. Thus a reversible
change of the state of the medium is effected by pseudo sound.
At certain phase relations radiation of real sound from the
resonators can be excited by pulsation of the pseudo sound.
Real sound and pseudo sound of the flow are coupled to one

another in the resonators.
The most important function of pseudo sound with respect

to sound amplification is given in close analogy to the
function of space charge waves in travelling wave tubes0

Sound waves of low amplitude are linearly superimposed on
the flow. They cannot get energy directly from the flcw.
Direct energetic interaction with the flow is only found
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with sound waven of "finite" amplitude. The amplitude depenu

dence of sound amplification in our measurements reveals that
we have not to deal with these effects. Pseudo sound, however,

can because of its non-linearity draw energy from the flow in

analcgy to the space charge waves, By coupling with the sound

field at the resonators this energy is passed on to the sound
wave. Like the space charge wave pseudo sound is the necessary

energy transmitter from flew to sound field,
We have explained that by oscillating motions in the re-

sonators pseudo sound can be excited and that on the other

hand pseudo sound can be converted into sound at the resona-

tors. A detailed picture cannot be given without first intro-
ducing partial waves. Their introduction is suggested by the

following analytical investigation.

3) Analytical evidence of sound amplification.

It was already mentioned in paragraph 1) that a mathema-

tical tr;2atment of sound amplification with the methods applied

in the case of travelling wave tubes is rather difficult: In-
spite of extensive analogy of the basic quantities and inspite

of good agreement of the experimental results with the experien-

ces made at the travelling wave tubes, an analytical evidence

for sound awplification in flow ducts is required for further

comparisons,
The problem is limited and defined to the following

question: under which simple coxditions is sound amplification

possible? We will put up with the formulation of a differential

equation of the variables in the duct: w-ihich 7ill show the

possibilities ox amplified waves in the duct. The numerical

solution would require investigations of the flow itself,

which would exceed the measuring possibilities of the present

work.

Our postulated conditious are-

1) Flcw and souaid pheno2:3na are uni-dimensicnl and ex-

tend in z-direction.
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2) The flow V(t.z) is separated intr a stationary z-de-

pendent fundamental flew V0 (z) and an alternating flow V')\Zt)C

which shall include sonic particle velocity as well as an

eventual flow pulsation.

3) Quadratic terms of the alternating variables (index

are neglected,

4) The alternating variables are proportional to eJ•t
5) Beth stationary te-'ms alone and the complete terms

respond to the dissipaticn-free equation of motion without

outer mass forces, and the adiabatic equation of state be

valid,
6) The stationary density of mass fl,.w J. c V hI Cnan

of sources.
Under these conditions and for simplicity under the

assumpticn M(z) - V (z)/cs. we have the follswing equation

for the alternating flc.w density J 1 (the deducticn is fcuund in

Appendix I)

'! dk A ý + (k2  2jk !L -(JS->
dZ. -i dz

.z•

The alternating pressure p. is realted to the alterneting flew

density J_ by
•2 ýJt

P] 2 (22)

(21) is a second order differential equation with variable

coefficients. It suggests itself, to set up a periodicity of

the fundamental flow V (z) and thereby also of M(z) in z. The

magnitude of the variation and the accurate course cannot im-

mediately be predicted, At least we know., that there are solu-

tions of equ.(21) for periodically oscillating M and that thes?

solutions increase exponentially with z, thus representing

amplified waves.
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"4) Partial waves.

We have above stressed the importance of spatial periodic

inhomogeneities of the boundaries of the duct. Therefore we

have to investigate sound propagation in ducts with periodic

boundary conditions. The influence of the periodicity of the.

boundary conditions can very clearly be explained with the

occurence of partial waves.

The fact that partial waves generally have a smaller

phase velocity than the fundamental wave leads to a further

extensions of the analogy between flow duct and travelling wave

tube. It is known from travelling wave tubes that the coupling

delayed wave is not necessarily the fundamental wave but that

it can also be one of the partial waves. In our duct the fun-

damental wave has a phase velocity u of about 400 m/sent This

fast wave cannot interfere with the flow with velocities of up

to 80 m/sec. Only partial wave amplification is possible.

In a work by R.Miller l?] partial waves are interpreted

as components of a spatial Fourier synthesis of the wave

spatially distorted in the inhomogeneous flow duct. in Appendix

II existence and properties of partial waves for sound propa-

gation in periodic ducts with resting air are deduced as a so-

lution of the boundary value problem. In the corresponding

problem treated for streaming medium in Appendix III the same

deduction is found.

The definition of partial waves in resting air follows

from the presentation of a sound field quantity F resulting

from a boundary value problem:

F(x,, y, z, t) -EAn (x,yv)oe-J~n2 - eJwt

n

=eJ( - ZAn (xy)oetl L Z ('3)
n
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The addenlba•je the partial waves; An(x y) are their

aiplitudes (complex and dependent cn the trcmsverse cocrdi-

nates). Bn the phase constaiits with
n•

0

Bn C' a - f24)

B is the phase constant of the fundamental wave. The sum-

mation index runs from - cc to 4 w . L is the spatial length
of period of the duct boundaries.

Obviously only the sum of all partial waves satisfies

the boundary conditions. The mutual ratios of the partial.

wave amplitudes and of the fundamental wave amplitude are only

determined by the geometric dimensions and the boundary con-

ditions of the duct; if the latter are constant over the en-

tire length of the duct al-o these amplitude ratios are

constant. Therefore all partial waves have the same attenua-

tion constant as Uhe fundamental wave. Th0 amplitude A cfn
the partial waves are generally rapidly decreasing with in-

creasing absolute amount of the partial wave index n, In

most cases only the first two partial waves with n . 1 I

are of importance. Furthermore the ampliLudes of t}he parria•

waves are mostly decreasing exponentially from the inhomo--

geneous boundary to the center of the cuct. The decrease is

the steeper the higher Ink Partial waves have a noticeable

intensity only in the neighborhood of the inhomogoneous duct

boundary. For many possible shapes of the boundary A.- is

smaller than

It is emphasized that all partial waves have the same

frequency as the fundamental wave.

Another essential property of the partial waves follows

from equ.(24), According to this equation the phase velocity

of the n-th wave is

uo U C

un a i/3n. 1 + nu/tL 'I1 + rrEX. (25)

with u. phase velocity and X. wavelength of the fundamental
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wave in the duct. The group velocities vgn of all partial
waves are equal to v.C

v3 I

-gn ar3r 1vgo ( 26). 0/

We see from equ.(25) that for L w4. X - thts is the case

with most delay lines and alsL in our measurements - the amount

of un is always smaller than Uo0 Because cf the constancy of
the amplitude ratios of all partial waves also a partial wave
can interfere with the electron beam in the travelling wave

tube; the e:ergy taken up by this wave is distributed over all
other partial waves. The advantage of partial wave amplifica-

tion is the low beam velocity; the disadvantage is the small-
ness and the spatial limitation of the partial waves to the

boundary relion.
That much was to be said about the properties of partial

waves in resting air. This case corresponds in the electro-

magnetic case to a delay line without electron beam. in the
case of the electromagnetic delay line the investigation of

partial waves would at this point have come to an end. In that
case the propagation on the delay line is nearly not affected
by the electron beam. It might be assumed that ia cur inhomo-

geneous ducL the funiamental wave together with all p artial
waves is simply superinposed to the flow. Synchronism between

flow and a partial wave would not be possible in that case.
Treate! in Appendix IZI are the partial wave solution

of the boundary value problem with superimposed flow and the
question whither, and if so under which condition3, in the

inhomogeneous duct with superimposed flew there exists a par-

tial wave with such a phase velocity un- that un N V The

resulting conditlon says that the flow velocity V . un is

given by eq'3;tion (25) with u0 and X being phase velocity
and wavelen;th ot the fundamental wave with superimposed flow.
For better uarking we write uON and X ONO Leaving the change
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of the phase velocity, caused by the change of the characte-

ristic risonator properties due to flor, out of consideratior..,

bvt writing simply~u0*0 + V (uo 0o phase velocity of the

fundamental wave in the duct with resting air) then the con-

di.tion writes

V u 1 1 %?)

This can with certainty be fulf.lladý It results that alsc L.,

streaming air partial waves interacting with the flow are
possibleA

5) Partial wave amplification.

After proving the existence of partial waves, which can

interfere with the flow, only the energy exchange mechanism

remains to be explained. For illustration comparison is made

with the travelling wave tube,

Usually the travelling wave tube amplification with the

fundamental wave and a homogeneous de.lay line is explained an

follows: if wave and electron beam are approximately synchro-

nous at the beginning of the common travelling path of the

electrons the latter arcsorte ,"d out-so tht they are concen-

trated at those parts of the electromagnetic field where the

electrons are subjected to a retarding field. The sorting-out

is combined with a transfer of energy from the wave to the

electrons. As soon as an electron concentration in proper

phase relation is established the elactrons are moving agains-

the retarding field and by release of energy from the kinetic

energy of the electron beam an electromagnetic field on the

delay line is induced. This field intensifies the retarding

field which in turn brings about a better sorting-out of the

electrons in proper phase relation. The electron beam is

continually releasing energy over to the wave field along the
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entire length of their common path. o

Usually the same explanation of the amplification is
used, when the coupling wave is a partial wave on an inhomo-
geneous delay line, This is formally correct and the calcula-
tion of a travelling wave tube according to this concepticn
leads to quantitatively correct results. This. implies that
there is a continual energy exchange between partial wave and

~t~nz u-au Uvca1. t~au VnU.Lre pauu LefLZ~U.O

From a consideration of the field pattern in a tube with
an inhomogeneous delay line other conclusions must be 4rawn.
The electrical field strength at the gaps of a comb line is
schematically given in Fig.24 for a wave with the fundamental
wavelength A . Longitudinal comprnents suitable for the inter-
action with electrons are almost only present before these
gaps. In the second row of Fig.24 the distribution of longitu-
dinal components in a certain plane in front of the dolay line
is plotted for an instant t 1 . The same is repeated in the
third row for a Romewhat later .nntant t½2 Obviously the par-
tial waves are interfering Joint;ly and with the fundamental
wave so that the lon-itudinal field component at the walln
between the gaps is zero for every instant.

It is therefore to be expected that the energy exchange
is limited to the space before the gaps, this would also agree
with the conception that the different electron densities
could induce electric fields only in the capacities of the
gaps.

The condition (25) for synchronism between partial wave
and electron beam may also be deduced from the conception of
local energy exchsn-g.e. According to Fi4o24 the electron beam
is subject to a twofold periodicity of the boundary conditons:
the time-constant periodicity of the duct boundaries given by
the delay line with the period L and the time-dependent perio-
dicity given by the field pattern of the wave with the period
X,,z By interaction of these two phenomena the electrons are

not influenced by the wave in the space in front of the walls
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between the gaps. &fbrgy exchange is rendered possible if

a certain pack of electrons is meeting the wave in the slots

always with the same phase relation. T-n the space in front of

the partition walls the pack can be overtaken by any number

of waves n without being influenced. The runing time t d.L/V

of the electrons with the velocity V over a length of period

L has to be equal to the running time tuo of the wave with

the hsevlcity u 0 eve.r th0  arat plu a ibroP

periods T 1 1/f of the wave:

L t-tv, t, + UT L/u + n/f. (28)'A0

Whente follows

V I n
nuo

fL

which is the already known covdition.
This deduction is more Intuitive; the conception of

partial waves has a greater significance. The apparent contra-
diction of these two ways of consideration with respect to the
localisation of the energy exchange reveals the superiority of
the partial wave conception. It is thereby possible to explain
how the initial electron concentrations are effected. Similar
to the Fourier analysis of a function of time the partial wave
conception is senseless if pathes smaller than the period

length are considered. And like the Fourier components of a
functlon o' time have a physical meanlns only when applied to

a resonance system, the partial waves are effective only if
they are synchronously travelling with an irfluetcable system

over a longer path. A resonator used as probe for overtones
gives an effect only after a building-up time. Andcorrespon-
dingly the electrons used as indicators for partial waves can

fully interfere with the partial wave only after a certain

'.;ýUmfls tt.Vavuilig Pa~i.
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We have discussed the partial wave amplification in the

travelling wave tube in so much detail. since here Lhe pheno-

mena are much easier to be exp]ained. Now a direct application

to our flow duct is made easy, If in FigP24 the partition

walls are replaced by the slits of resonators. an approximate

picture of the particle velocities in the free duct cross-

section is obtained. The curves in the second and third row

of this filure now represent the course of the sound prossure

or the longitudinal particle velocity. By replacing uC by

U OV UV in equj(28) we obtain from the condition that

a certain medium element has to meet the sound wave at the

mouth piece of a resonator always in the same phase the con-

ditional equation (2?). Now it becomes obvious that the con-

ditional equation (25) for streaming air with the curious re-

quirement, that the partial wave should be resting in the

moving medium. says that under the conditi•ons given by equation

(25) the fluctuation of the boundary due to the oscil~ation of

the air in The necks of the resonators comes to rest for ani

observer moving vith the flcw- (Constancy is obtain.d for a

aoving observer only if the amplitude of the n-th partidl wave

is exceeding all cthers. if this is not the case only a certain

part of the fluctuation is turning constant). if hh; condition

,25) is discussed frcu the point of view th.a -th flaw is

carrying along a wave "rssGin;g in the flow, the real meaning

of this wave is immediately made clear, it represents a pulsa-

tion of the flow. that. is pseudo sound. Here again the peculia-
rity of our flow duct becomes obv~ius, where guided wave and
beam pulsation coincide spatially and where both of them are
transmitted by the same medium, Considering the remarks made
in paragraph 2) on tbo uuapiing between aound and pseudo

sound at the resonators and considering further The peculiari-

ties of the flow duct the application of the abovc deduction

for the partial wave amplification in travelling wave tubes
with localised energy exchange on the sound amplification is

made clear if the electron concentration is interpreted as a
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flew pulsation0 ' The occurence of such flc.w pulsations can alse

in this case only be explained with the help of partial wave

excited by the sound field. Representing a stationary pressure

"and velocity pattern in the medium it can only be built up

by the relatively weak sound field on a longer common travel-

ling path. In analogy to the travelling wave tube the medium

density in the retarding phase of the sound pressure of the

coupling wave is increased above the mean density0

.ith the help of pseudo sound, representing according to
Blokhintsev a periodic flow pulsation. sound amplification can

b3 described in analogy to the travelling wave tube, For an

analytical description of the phenomenon the oscillation of the

air in the resonator necks could be replaced by surface sour-
ces with time-dependent, mutually phase correlated yield.

Sound pressure could then be calculated in the duct according

to the Kirchhoff's integral generalised for flow.

C. Ccmparison with Experimental Results,

Now the measuring results with respect to sound amplifi-

cation obtained with reactive absorbers will be compared with

the above explanation, Jince the experimental investigation

within the scope of this work was limited to acoustical methods,

only those informations can be used for comparison which w;!ere

obtained from measurements of attenuation and phase velocity.

At first the results of the more accurate measurements with

resonators illustrated in Fig.ll will be discussed6 The results

for the other structures discussed in section A will be given

in short.

Fig.25 illustrates measurements of the phase velocity in

the duct according to Figll in resting air and with a flow

velocity V - 45 m/sec in sound propagation direction (the

measurements were carried out with an apparatus more simp-le

than that described in Part I; this explains for the scattering
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of the meaguring points). Also entered is the attenuation
0

constant a in dB/m obtained under the same conditions.From

these phase velocities of the fundamental wave were calcula-

ted according to equ.(25) the plaase velocities u4+ and uol

of the parfial waves with n -i1 and according to equ.(27)

the flow velocity V for which synchronism with these partial

waves is possible. In Fig6 26 the curves marked u+, and. u-,

were calculated according to equation (25) replacing u 0 by

the phase velocity u o' in resting air: The curves marked

V and -V were calculated from the more accurate equationv r
(27) also using U 0o 6. For forward propagation both curves

are nearly coinciding. This is caused by the high values of

Xo/L in our measurements for which equs.(25) and (27) are

nearly equal. (If the phase velocities of the first partial

waves are calculated according to equ.(25) using Uov the

deviations from the curves Vv and -Vr are very small). The

difference between -Vr and -u-1 beomenm very large according
to these calculations, if Xo,o/4 is approaching the period

length L. In this case a certain medium element is not able

to meet the sound wave at the next resonator in the same phase

relation without meeting a whole sound wave in the interval.

Synchronism is now possible only with the partial wave of the

next higher order.

in Fig.26 pairs of values of frequency and flow velocity

for maximal deattenuation with propagation of the sound in flow

direction (circles) and the corresponding values (triangles)

for sound propagation against the flow direction are entered0

These points respond better to the curves for u+ 1 than to

those for VrgvO For backward propagation this is explained

by the fact that the partial wave with n . -1 is essentially

limited to the immediate neighborhood of the wall0 A calcu-

lation for slit resonators reveals that this spatial limita-

tion is more marked for a - -l than for n - +1. Another

contribution - predominately effective for forward propaga-

tion - to this behaviour is given by the fact C12J that for

lines with attenuation in the uncoupled state, i.e 4 here in

resting air, the maximum of amplification is with rising
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attenuation moving to flow velocities smaller than the phase
velocity of the coupling wave. Therefore the points just
above the resonance, that is in a range with high line
attenuation, are noticeably below the curve for syichronism
and approaching this at higher frequencies with decreasing

attenuation.

The pronounced reduction of the amplification caused

by the line attenuation1 well know, from the travelling

wave tube, is visible in all measurements. Especially detri-

mentous is the line attenuation for the oscillatory power

of backward wave oscillators. The deattenuation with backward

measurements is effected by such regenerative amplification

mechanism. But its not very distinct behaviour is also evident,

since a certain medium element has a much shorter time of stay

in front of the resonators in the correct phase relation than

with forward propagation.

The wavyness of the sound pressure at the entrance of

the duct found in attenuation measurements at certain fre-

quencies is in agreement with the theory of the travelling

wave tube. According to this theory four waves exist in the

duct under amplification conditions. One of them is propaga-

ting against the flow the other three in flow direction. One

of thesA three waves is amplified and another is attenuated.
Under certain conditions of flow velocity and frequency they

have nearly, but not quite the same phase velocity; this gives

rise to a wavyness of the sound pressure in the entrance of

the duct 0 The wavyness is also a consequence of line attenua-

tion; on dissipation free lines the phase velocities are

accurately the same over the entire amplification range and

the wavyness is therefore disappear!ng: Wavyness was mainly

found in the first amplification ranges above the resonance.

In the following pictures pairs of values of frequency

and flow velocity for maximal deattenuation in forward pro-

pagation are compared with the phase velocity of the first

partial wave for those absorbers from section A, which show

deattenuation.
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In Fig0 27 phase velocity and wavelength of the fandamental
wave in a duct according to Fig.18 with resonators with pro-

truding necks are entered. The measurements were made in

resting air and at a flow velocity V x + 40 m/sec. Itis ob-

vious that the phase velocity in streaming air is not a linear

combination of phase velocity in resting air and flow velocity,

At 1.55 kcps the difference between these two velocities is

only 20 m/sec, although here the resonance shift should pro-
duce a difference greater than 40 m/sec. This is a consequence

of the influence of the deattenuation on the dispersion.

Fig0 28 represents the comparison of points of maximal amplifi-

cation with the partial wave velocity, calculated with uo,40-

The same is illustrated in Fig0 29 for the comb lines according

to Figs. 19 and 21. Here the phase velocity u0 in equation (25)

was that measured in resting air. This may be done since the

superposition of fltw has very little effect on the partial

wave velocity. Even in Fig-30 with the resonators according

to Fig.22 with the large flow dependent shift of the resonance

frequency there is not much difference between the paase velo-

cities of the partial wave in resting air and at V + + 55 m/sec

in the frequency fange indicated in the figure.
From these firures rood agreement of flow velocity and

frequency of maximal deattenuation with the dispersion curve

of the first partial wave is seen., This result is the main

experimental confirmation for the correctness of the concep-

tion of the sound amplifica.ion mechanism as it was deduced

and developed above. Several other details found during the

course of the measurements confirm the close relation bet-ussn

travelling wave tube and sound ampliftcation Some of these

details were described above, others were not distinct enough

for a discussion in this work or were not closely examined,

So, for exapn1e- a slight inrrease of the attenubtioa Just

above the amplificstion ranao can be neen in the attntiiation

curves of Fi31s. 1 and 12. According to the dispersion
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diagram cf the partial wave the partial wave is propagating
0

faster-than the flew at the corresponding frequencies above

the amplification range. Like in a linear accelerator energy

is exchanged from the sound wave to the flow

In the same way the attenuation maxima for backward pro-

pagazion found in Figs. 16 and 17 Just above the ranges of

regenerative backward wave amplification (no! very distinct

here) are to be explained. For a correct comparison of these

attenuation increases it has to be kept in mind, that due to

the change of wavelength caused by the flow (as discussed in

Part II A 1) the attenuaticn for forward propagation should

be lower than that for resting air. and that the attenuation

for backward propagaticn should be higher than for resting air.

Alsc in the turbulence and amplitude deoendence of the

sound amplificaticn similarities to the travelling wave tube

are found, although here the different types of wave guide

which have several times been mentioned before should have

a considerable Influence. The sound wave is propagating in

the flcw itself and is therefore directly influenced by the

turbulence, whereas in the travelling wave tube "turbulence"

Uf the electron beam has a direct influence only on the space

charge waves, In fact, the phenomena in the electron beam of

a travelling wave tube operated at high amplitudes and high

space charge densities closely resemble a turbulence [18]:

by cvertaking of electrone in the beam very unregular density

patterns are occuring along the travelling path: the temporal.

course of the electron density at a certain point of the

delay line in some distance from the electron source displays

a great number of overtonesz by this "turbulence" electron

packs are disintegrated6 As soon as more electrons are trans-

ported into the accelerating phase of the wave by these over-

taking processes than into the retarding phase the signal

amplitude is reduced and the amplification goes over into

attenuation. This mechanism may without further difficulties

be applied to the turbulence sensitivity of the sound
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amplification. According to our conception the'sound ampli-

fication is based on the fact that a pulsation in the right

phase relation is built up in the flcw. that this phase rela-

tion'is kept up and that the puls-ition is amplified over the

travelling path. These pulsaticns, being mere flow events,

are by velocity fluctuations in turbulent flow restrained

from keeping up the proper phase relation if not already in

the beginning the establishment of this phase relation was

prevented altogether. The main difference to the travelling

wave tube is that in our case turbulence is to a great extent

independent on the sound wave, whereas in the travelling wave

tube turbulence is produced by overtaking effects in the elec-

tron beam produced by high sinal amplitudes, Better agreement

may be expected with respect to the amplitude dependence of

the amplification. As in the duct also in the travelling wave

tube constant amplification is observed over a wide range cf

lower amplitudes (in [18] this range is given with 20 to 30 dBE

comp. Fig.L3): for increasing amplitudes the amplification is

rapidly decreasing and changing into attenuation under certain

conditions. For the amplitude dependence of the sound ampli-

fication we have to consider that it occurs (acc. to Fig 3,3

at those amplitudes (concluded from an estimation of the sound

power input of the duct) for which the Helmhoitz resonators

alone become non-linear because of the high scund levels

in the resonator necks. This is underlined by the smni er amp-

litude dependence of the amplification at higher frequencics:

for constant sound pressure level the non-linearity of the

Helmholtz resonators is decreasing with increasing freqaency

(19].
However, if we discuss turbulence and amnlitude dependence

of the sound amplification we leave the im-tcit condlticn for

our explanation of the amplification mechai sm. namely the

linearization of the problem, that mean; saall amplitudes-

50



0

DQ Conclusions.

-We have given an intuitive explanation for sound ampli-

fLication as it occurs in spatially inhomogeneous flow ducts

coated with reactive absorbers. This explanation given in

close analogy to the amplification mechanism of the travelling

wave tube permits the interpretation of a number of measuring

results found in relation with the sound amplification and

serves as a guiding principle for further investigations.

A quantitative treatment of a linearized theory would require

a calculatory expenditure unusual in acoustical investigatio:in-

It is questionable whether it would lead to better results

than the qualitative description, A statement concerning the

amount cf amplification vouad be important, It is, hbwever,

felt that this depends to a creat extent on the shape of the

resonatQr3 and their necks and this very condition is not

easily introduced into a mathematical formulation. The

theory will also be unable to consider turbulence in the

flow and at the resonator necks It is. however, a matter of

principal importance if the results of a quantitative investi'

gation co'ld be compared witb the results reported in this

work- The so2utions indicated for ucL treatment in this work

promise. after suitable experimental investivatlons on the

flow at the resonators, a simnle calculatione

The author wants to thank Prof, DrDrý-Ing. e-h- Edtyer

for his interest in this work and for many helpful discus3ions.
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Apendix I.

Differential Equation for the Alter-nating Component of the

Mass Flow Density in a Duct with Variable Bounda__

The flow V(z,t) is seperatad into a atationary fundamen-

tal flow V and an alternating term V1 (z,t) which includes par-.
0

ticle velocity as well as an eventual flow pulsation0 The co-

ordinate dependence of the duct boundary is taken into account

with respect to itA infiAnn nn thn funcmhuintal flow by

satting up the latter as a function of z. The problem is limi-

ted to a uni-dimensional flow in z-direction. The conditions

enumerated in the teVt be imposed. All values are a sum of the

stationary term (index o) and the alternating term (index 1).

The alternating term is proportional to e

As fundAme-ntal e...at••Ion we use the equation of force.

dV av I • )V1 .A)

the equation of continuity

cdiv J - (J w mass flow density) (2A)

the adiabatic equation of state in the form
2G

P1 W .1 " ?l (p - pressure) (3A)

aatd the defining equation for the mass flow density

A - Lu (A
0 VOO0 j io -- V

For the ani-dimens~onal case with the presupposed time de-

pendence follows after separation from the equation valid fnr

the stationary values

1 =Z R3 (5A) 0

-altaernatiLng terms of first order,.
0



14 (6A)

From (4-A) and (6A) fcollu.ws

O(3 -3 4ý

whence with &J/30

6vi 1 0 ý2 2 v0d J V YrJI JldVr
+i~7 r 3 (8A)

whence follo~ws t.-ogether withl 5A).

7- '6 v. dz- I V2 dz

* 3wv§j (9A)0

From a develcpment of the ricgi-it side of this equation follo-ws

V ~ V~ 1  420(10A)
V. r1 •A P-F;7-7, d

Here
Op1  ;2-2

1IA)

accr~ii5 o e;uation- Q A) rd (G)." c;s.nt he

ecuat ion cf force Loti s tat icrnry ?:rwE

AVC
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"0(lOA) is now written

2V2 (VI V

Substituting this into equ.(9A) and intrnducing the %ach

number M(z) - V (z)/c and the wave number k -: /c reziults in
o 0

[P51 C N 1W ~ 2jS J I) 14
- (kM + Mf). _ý( _M djkzG 1 14

If we assume M<cI, we obtain the differential equation given

in the text:

'I - 2(JkM +Mf.)" f + (k 2  2jk•). Jl 1  0 (15A).

The alternating pressure p1 is related to the alternating

flow density J 1 by

0 2 j

Appendix II.

Partial Waves in Restinr Air.

The inhomogeneous duct be extending in z-direction. Also D

the sound wave shall propagate in this direction. F be a sound

field value responding to the wave equation

F++ k2 )P, 0 (13)

with k : w/c (c velocity of sound) and .t the Laplacian
operator of the plane normal to the z-aXis.

In the homogeneous duct the set-up is made [3J
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with constant e. Then introducing the z-dependent boundary

conditions into the general solution of the separated wave

equation wTe come to the condition that c bez-dependent. Instead

of (2B) with constant s we set up

-.rF H(z) o F, (3B)

where H(z) is a periodic function of z with the length of

pericd L. Whence follows"the differential equation

61'-r, 2(4B)
72F (k2  H(z))F - 0 . k

This is a Hill's differential equation with the periodic

coefficient H(z), which has according to the theorem of

Floquet a solution of the form

r n An(x'y)OB-Jfnfl• e n) - (nB)

The summands represent the partial wavesý An(x~y) are their

amplitudes (complex and depending on the transverse coordinates)

Swithn

n •2• -° (6 B )

are their phase constants (for dissipation-iree propagation;
otherwise Bn are the propagation constants), B is the phase

constant of the fundamental wave. The summation index n runs
from -coto t+cu 0 .

Only the totality of the partial waves i alble to satisfy

the boundary conditions0 On the other hand the mutual ratios

of the partial wave amplitudes and of the fundamental wave

amplitude are only given by the geometry and the boundary

conditions of the duct. This is proved by introducing the

solution (5B) into the differential equation (4B), whence

is obtained

86
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2 2 12nn

E CstrAn + (k2 BIn )AýJc i t7 0. (?B)

a

These sums form an orthogonal system in 0 t z • L. because of

L eŽn n-m -iLor a - m
2 - o (SB)0 0 for

The aauendemust therefore disappear seperately. That *ives us

the following differential 3qaation for the amplitude distri-
bution of the partial waves over the cross-section of the duct

AtrAnD (x~y) !~ (k2  n BAn(x -Y) ý_0 (Th)R

The mutual amplitude ratios of the partial waves are constant
over the entire length of the duct. if the boundary conditions

are constant .

From (6B) follows for the phase velocity of the n-th

partial wave

u0 u0

with u0 the phase velocity and X. the wavelength of the fnrL-

damental wave in the duct. For tho group velocity vg- wi

obtain

v dB. V (11B)
0 01

"Tm.oc cnorgy is transported bU thL uoLtaiity of the partial

waves.
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Appendix III

Partial Waves in Air Flow.

Our problem is: is there in iahomoe.eneous ducts a partial

wave with phase velocity un as a solution of the wave equation

in flow with the flow velocity V so that

u n V (10)n

The wave equation in friction-free, uni-dimensional flow

without vortices with the adiabatic eoUation of state of air
is

-(/cC)Ld/At ¾ a F 01 0 (2C)
oC

if the flow velocity is large compared to the alterna-tinC

velocities [1.]. This equation can be transformed into theg

usual equation by a Galilean transformation

x -x

Z%~ (S T" -. (30)N

t

This transformation has the disadvantage that, because of

t /~ +-- Vz/ar(0

a harmonic analysis is impossible in the new coordinates and

that, because of

d d - dz V : ct (50)

the length of period £ becomes time dependent0 Therefore sub-

sequently a Lorentz transformation is applied to the trans-

formed coordinates . and 'C0 The wave equation is invariant to

the Lorentz trainsformation and altogether we have

X~ýX

y ~YZ; - 11oZ (6C)
V - (l/•)ot " (V/c 2 )?z

8V/0



It is
-lt w °a/at (c/41z' - (l/)oa/z - (VlC2 )°•lat

and

-2
dt' (l/ui)odt + (ic2),

and the wave equation writes

Here F' - F' (xy,z,t') is the field value in the transformed

coordinates.,Atr remains unchanged because of the invariance of
Xrand y, If F is ae hmonic funatinoii of the time, than also
F' is according to equ.(7c) a harmonic function of the timeo
With the radian frequency w' an6. the wave number k' - w'/o
equation (90) is written in the transformed coordinate system

8 + ( & + k 2  o . (100)

This is the same equation as (IB) in Appendix Il. We can here

repeat the set-up (2B):

-trF' - - H' (z').F' (110)

since according to (80) the boundary values -are only func-
tions of z'. Therefore H' is a periodic function of z' with

the length of period L' and according to eqn.(8C) Ll - IL.

This means that we can apply the considerations about the
equations (4B) to (9B) of Appendix I1 directly on the corres-
ponding primed values in the transformed coordinate system.

Returning to our initial problem we have to examine
whether u' - V' is possible. For this purpose we have to

exrpraas w;, B and L' in

89



and also V7 in the transformed coordinate system by the car-
responding values w, fcl L, and V, which are open for measure-

ment.

Applied on F'(z, t') we obtain

,- mand a/at' Jw'

and applied on F(z, t) we have

a/tz - - is and /at -jW
According to the r-ules of caluulaUion for the introduc-

tion of new coordinates follows

B' - B/4 + wV/c 2 and o4 W 11W (130)

Witih (130) and L' -4L equation (12C) writes

and from (SC) follows

V' w dz'/dt' V --- • (15C)
1. + V '

an that tbe condition u' V' is equivalent to

V Ao(16C)

This is again the well known condition for synchronism
between flow and partial #ave. For uo and the values with

superimposed flow have tr be takena

According to (16C) the partial wave, which with saperim-

posed flow is defined only in the transformed coordhinate system

by equation (5B) in Appendix TI, is propagatinR. with the veaocio-

ty of flow, if the Came was tr-ae for a partial wave according

to the calculation with resting air as far as the valu%s changed

by the flow are introduced for uo and XA By proper dimensioning

equation (16C) can certainly be satisfiedý

go
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